Ferromagnetic insulating state in manganites: ^^Mn NMR study 
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^^Mn NMR was used to study the ferromagnetic insulating 
state in four different manganites. In all cases the coexistence 
of two types of regions possessing different NMR spectra and 
nuclear spin dynamics was found. In the ferromagnetic in- 
sulating clusters the hopping frequency /hop of the electron 
holes is slower comparing to the NMR frequency fres and two 
lines ascribed to 3+ and 4+ valence state of Mn are observed. 
The relaxation rate increases rapidly with the increasing tem- 
perature, so that these spectra can no longer be detected for 
temperatures higher than ~60 K. In ferromagnetic metallic 
clusters fres < fhop aud the motionally narrowed spectrum 
is observed in a broad temperature interval, as the relaxation 
remains only moderately fast. 



I. INTRODUCTION 

Hole-doped manganites Lai_2;Aa;Mn03 (A=Ca, Sr, 
Ba, Pb) have attracted much attention in recent years. 
The reason is not only the 'colossal' magnetoresistance 
that occurs in these systems, but also a rich variety of 
the physical phenomena including intrinsically inhomo- 
geneous ground states, phase separation, charge /orbital 
ordering etc. The basic mechanism that couples the 
spin and charge in these materials and produces the ferro- 
magnetic metallic-like (FMM) state is generally assumed 
to be described by the double exchange (DE) model. In 
this model, an electron hole tends to hop more easily 
between the two successive Mn sites if both Mn site mo- 
ments are aligned. Rather intriguing is the existence of 
ferromagnetic but insulating (FMI) state, which is be- 
yond the DE concept. FMI state may be realized in 
several ways, in particular it occurs when the doping is 
low, in the systems with strong disorder or distortions in 
the lattice or for certain substitutions on the Mn sites. 
The microscopic nature of these FMI states is far from 
being clear - several models, including charge and/or 
orbital ordering, superexchange ferromagnetic interac- 
tions, cluster-glass state, phase segregation between fer- 



romagnetic metallic and insulating charge-ordered clus- 
ters, have been examined in this context [^-^. 

NMR is a suitable tool to provide further insight in 
the nature of the FMI state as it probes locally the mag- 
netic states and their dynamics. Ultraslow diffusion of 
the small Jahn- Teller (JT) polarons in several insulating 
LaMn03+5 and Lai-yCayMnOa+i manganites, gives rise 
to an inhomogeneous loss and final disappearance of the 
^^^La NMR signal when the temperature increases, as re- 
ported recently by AUodi et al. This 'wipeout' of the 
i39La NMR signal intensity in the FMI Lai_:rCa:cMn03 
was observed also by Papavassiliou et al. |^ and it was 
associated with a low frequency dynamics of the Mn oc- 
tant cells. The ^^Mn NMR in the corresponding sys- 
tems was studied in several papers |p|-|T^ , the dynamics 
of the ^^Mn nuclear spins, which is definitely an impor- 
tant item, was not addressed until now, however. 

In this paper we present the results of detailed stud- 
ies of the NMR spectra and relaxation on the ^^Mn nu- 
clei, completed in some cases by -'^^^La NMR, for sev- 
eral FMI manganites, including two different self-doped 
Lai_2:Mni_j^03, low-doped Lao.84Sro.i6Mn03, and Ti- 
substituted Lao.6Pbo.4Mno.9Tio.1O3 compounds. Two 
types of regions associated with the FMM and FMI clus- 
ters, possessing quite different nuclear spin dynamics and 
^^Mn NMR spectra, are detected for all compounds stud- 
ied. The NMR spectra arising from the FMM clusters 
consist of a single motionally narrowed line, which is de- 
tected in a relatively broad temperature interval. The 
exception is Lao.84Sro.i6Mn03 where more motionally 
narrowed lines are observed below the metal-insulator 
transition. The spin fiuctuations on ^^Mn nuclei in FMI 
clusters are in a slow fiuctuation limit, i.e. fhop < /res- 
Corresponding spectra consist of two lines ascribed to 
Mn'*+ and Mn^+ ions, and they can be detected for all 
compounds studied only for T < 60 K. This behavior 
is in line with the recovery of the signal amplitude on 
the ^'^^La nuclei in the same temperature interval. Two 
scenarios of the FMM to FMI transition depending on 
the different ratio of FMM and FMI clusters as well as 
possible nature of these clusters are discussed. 
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II. EXPERIMENTAL 
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FIG. 1. Temperature dependence of the resistivity (a) 
and magnetization in an applied field of 0.5 T (b) for 
Lai-sMnOa (o), Lao.94Mno.98O3 (A), and Lao.84Sro.i6Mn03 
(V). Magnetization as a function of temperature for 
Lao.6Pbo.4Mno.9Tio.1O3 measured in 0.3 T (lower panel, □). 

The single crystal of Lao.g4Mno.g8O3 and polycrys- 
talline compound Lao.6Pbo.4Mno.9Tio.1O3 used in the 
present study were described in Refs. The sin- 

gle crystal Lao.84Sro.i6Mn03 was grown by the floating 
zone method. The self-doped polycrystalhne Lai_aMn03 
{S «0.05) was prepared by standard solid state reaction 
at 1000-1100°C for 50 hours with intermediate grind- 
ing and pressing. The temperature dependence of the 
electrical resistivity, measured with the standard four- 
probe method, and magnetization curves are shown in 
Figs. la,b. The resistivity of Lao. 84Sro.i6Mn03 exhibits 
a metallic-like behavior below Tc= 250 K. As tempera- 
ture decreases further, the curve shows an upturn in the 
ferromagnetic phase below the metal-insulator transition 
temperature Tmi =157 K. The FMI state {dp/dT < 0) 
is realized below Tmi- A similar behavior is observed for 
Lao.94Mno.98O3 with Tc= 210 K (B) and Tmi =115 K, 
though the value of the resistivity is by one to three or- 
ders of magnitude higher then that of Lao.84Sro.i6Mn03. 
The self-doped Lai-^MnOs is an insulator, the onset 
of the magnetic ordering is at about 190 K. The resis- 
tivity of Lao.6Pbo.4Mno.9Tio.1O3 (Tc^lSO K) was not 
measured, but it is known that such level of Ti dop- 



ing on the Mn site leads to an insulating behavior for 
Lao.7Cao.3Mni_,Ti,03 

The NMR spectra were recorded by a two-pulse spin- 
echo method at temperatures between 22 and 250 K using 
a noncoherent home-build spectrometer with frequency 
sweep and boxcar detector signal averaging. The NMR 
spectra were obtained by measuring the integrated in- 
tensity of the spin-echo versus frequency using r=3-4 /is, 
where r is the time separation between the two pulses. 
The spin-spin relaxation was studied by measuring the 
form of the spin-echo decay as a function of r. All the 
signals detected come from the regions with strong ferro- 
magnetic correlations as follows from the characteristic 
high values of the enhancement factor ry Ri500-2500. The 
spin-echo amplitudes were corrected for the /^-type fre- 
quency response and the 1 /T reduction, that results from 
the Curie law for the nuclear magnetic moment. 
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FIG. 2. Lai-4Mn03. '^^Mn NMR spectra taken at ten dif- 
ferent temperatures. The dotted curves correspond to the 
contribution of the FMM clusters to the spectra. 



III. RESULTS AND DISCUSSION 

The evolution of the ^^Mn NMR spectra in 
Lai_aMn03 with the temperature is displayed in Fig. 
2. For T > 63 K the NMR spectra consist of a single 
line similarly as found in conventional FMM manganites 
|l7| . This line is attributed to a motional narrowing - 
the electron holes hop over the manganese sites with a 
rate faster then the frequency splitting A/ of the Mn''+ 
and Mn''^+ resonances, and as a result all ^^Mn nuclei 
feel the same averaged hyperfine field. The reduction of 
the spin-echo amplitude of this line with increasing T is 
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mainly connected with the shortening of the spin-spin re- 
laxation time T2 , which becomes comparable to the time 
separation r. Below 63 K the NMR spectrum qualita- 
tively changes, as new contributions gradually develop. 
The line at around 320 MHz corresponds to the Mn^+ 
resonance |17 . The satellite line at around 300 MHz, 



which may be attributed to a Mn^~*" resonance for spe- 
cific Mn sites, is observed only in this sample and it will 
be discussed later. More important, the amplitude of the 
signal at about 390 MHz increases substantially below 
63 K, indicating additional contribution in this frequency 
region too. 
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FIG. 3. Lai-^MnOa. Spin-echo decay at the maximum of 
the FMM line (a) and Mn''+ line (b). The solid curves corre- 
spond to the two-exponential fit, the dotted curves correspond 
to the slower relaxing component. 

The spin-echo decays taken at the maximum of the mo- 
tionally narrowed FMM line for different temperatures 
reveal this contribution (Fig. 3a). For T > 63 K the de- 
cays are exponential, A ~ ^0 exp(— 2r/T2). The slope of 
the decays changes monotonically in the whole temper- 
ature range (taking the tail ends of the spin-echo decay 
curves for low T), reflecting the temperature dependence 
of T2 for the FMM line. Moreover, the amplitude Aq of 
the FMM line, extrapolated to t—Q (dashed lines in Fig. 
3) is nearly constant in the limits of the experimental 
error ±20%. The contribution of FMM line to the spec- 
tra at low temperatures is schematically shown in Fig. 2 
by dotted curves. From the data in Fig. 3a it is clearly 
seen that the increase of the signal intensity below 63 K 
is due to an additional, fast relaxing contribution to the 
spin-echo decays. The possibility that this contribution 



originates from the domain walls can be safely ruled out 
as it follows from the form of the spin-echo decays taken 
at different values of radiofrequency (rf ) power (Fig. 4a) . 
It is seen that the optimal value of the rf field for the 
fast relaxing component is four times larger compared 
to the one for FMM line. Thus, faster relaxing regions 
possess smaller NMR enhancement contrary to expected 
behavior of the NMR signal from the domain walls. The 
spin-spin relaxation of Mn^+ line is strongly temperature 
dependent, corresponding spin-echo decay curves are not 
of a single-exponential type (Fig. 3b). The form of the 
spin-echo decay is rather insensitive to the change of the 
rf field around its optimal value in this case (Fig. 4b), 
indicating certain distribution of relaxation times in the 
regions with the similar magnetocrystalline anisotropy. 
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FIG. 4. Lai-fMnOs. (a) Spin-echo decay at the maximum 
of the FMM line for three values of the rf power. In the inset 
the dependence of the spin-echo amplitude on the rf power is 
shown for slower relaxing component (r2=18.8 /is) and faster 
relaxing component {T2=5.4 fj,s) of the line, (b) Spin-echo 
decay at the maximum of the Mn*"'" line for three values of 
the rf field around its optimal value. 

The ^'^Mn NMR suggests that in Lai-A-MnOs two dif- 
ferent types of ferromagnetic regions exist. In what fol- 
lows these regions are called FMM and FMI clusters. The 
signal arising from the FMM clusters consists of a single 
motionally narrowed line, which is detected in relatively 
broad temperature interval thanks to the fact that cor- 
responding spin-spin relaxation is only moderately fast. 
The FMI clusters give rise to two lines at about 320 and 
390 MHz which can be detected only for T < 60 K be- 
cause of the inhomogeneous and very strongly tempera- 
ture dependent spin-spin relaxation. As we show below 
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this picture is typical for all compounds studied. It is 
clear from Fig. 3 that the spin-spin relaxation strongly 
influences the amplitude of the NMR spectra even if the 
shortest r is used. To make the NMR spectra of remain- 
ing three compounds more representative, we tried to 
correct the line's amplitude for the measured spin-spin 
relaxation. The fits of corresponding spin-echo decays 
by two or single exponential were employed. We checked 
that a stretched exponential form of the fitting function, 
often used in the literature, would not affect our estimate 
of the temperature dependence of Aq . 
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FIG. 5. Lao.6Pbo.4Mno.9Tio.1O3. Corrected ^'^Mn NMR 
spectra at several temperatures. The dotted curves corre- 
spond to the contribution of the FMM clusters to the spectra. 

Corrected NMR spectra of Lao.6Pbo.4Mno.9Tio.1O3, 
Lao.94Mno.98O3, and Lao.84Sro.i6Mn03 are presented in 
Figs. 5, 7, 8, respectively. The correction is qualita- 
tive only as for low and high frequency peaks we used 
the decay of the spin-echo signal at the correspond- 
ing amplitude maxima and neglected the fact that it 
changes continuously with the frequency. As a result 
a discontinuity appears in the corrected spectra. For 
Lao.6Pbo.4Mno.9Tio.1O3, the situation is analogous to 
that discussed above for Lai_5Mn03 except that the 
NMR enhancement was found to be only slightly larger 
for FMM compared to FMI clusters. This fact leads to a 
more pronounced contribution of the fast relaxing com- 



ponent to the spin-echo decay curves (Fig. 6), though the 
relative volume of the FMM clusters in the Ti-substituted 
sample, estimated from the ^^Mn NMR, is about 10% of 
the total volume, while for Lai-^MnOs it is only 1.5- 
3%. For both compounds the FMM volume practically 
do not change with the temperature. The relaxation for 
the FMI signal is very strongly temperature dependent 
and evidently there exists a distribution of the relaxation 
rates. As a consequence when relaxation rate increases, 
increasing part of the nuclear spins relaxes before it could 
be detected. This is the reason for gradual decrease and 
final disappearance of the FMI NMR signal, though they 
were corrected (Fig. 5). The number of Mn spins in the 
FMI clusters is in fact preserved as the magnetic moment 
in the corresponding temperature interval changes only 
shghtly (Fig. lb). 
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FIG. 6. Lao.6Pbo.4Mno.9Tio.1O3. Spin-echo decay taken at 
the maximum of the FMM line. 

A metal-insulator transition occurs in Lao.94Mno.98O3 
compound (Tm/=115 K) and in Lao.84Sro.i6Mn03 
(7m/=157 K) and this is reflected in the correspond- 
ing NMR spectra. For Lao.94Mno.98O3 (Fig. 7) the am- 
plitude of the FMM signal decreases considerably below 
~150 K pointing to the reduction of the summary vol- 
ume of the FMM clusters around the MI transition (see 
also Fig. 10b). Below ^60 K the FMI clusters are de- 
tected by NMR, their behavior being similar to the one 
described above. A quite different situation is found in 
the Lao.84Sro.i6Mn03 compound. Here the FMM regions 
give the dominating contribution to the NMR spectrum 
in the whole temperature interval studied. However, 
below the MI transition the FMM NMR spectrum no 
longer consists of a single gaussian line as an obvious tail 
starts to develop on the low frequency side of the line. 
As discussed in detail elsewhere |20| this corresponds to 
a charge and/or orbital ordering in the FMM regions. 
Analogously to other three compounds a FMI signal can 
only be detected below ~60 K, but because of the dom- 
inance of FMM signal, only the Mn''+ resonance can be 
distinguished unambiguously. 



4 




300 



350 



400 



450 



f (MHz) 

FIG. 7. Lao.94Mno.98O3. Corrected ^^Mn NMR spectra at 
several temperatures. The dotted curves correspond to the 
contribution of the FMM clusters to the spectra. 
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FIG. 8. Laa.84Sro.i6Mn03. Corrected ^''Mn NMR spectra 
taken at several temperatures. The dotted line at the 22 K 
shows schematically the contribution of the Mn''"*' ions. 
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FIG. 9. (a) Temperature dependence of the spin-spin relax- 
ation time T2 for ^^Mn nuclei in the FMM and FMI clusters 
and for '^^^La nuclei, (b) Temperature dependence of the rel- 
ative reduced volume of the FMM (•) and FMI (o) clusters 
determined from the areas under corresponding ^^Mn NMR 
signals. □ denote the reduced volume determined from the 
area under the ^'^^La signal. 

The results of the analysis of the Lai-^MnOa and 
Lao.6Pbo.4Mno.gTio.1O3 NMR spectra are displayed in 
Fig. 9. To obtain more complete information the ^"^^La 
NMR was also studied for these compounds. The spin- 
spin relaxation on the La nuclei is strongly temperature 
dependent and it also becomes strongly inhomogeneous 
when the temperature increases, similarly as reported in 
0,1 . Shown in Fig. 9a are the values of T2(r) for ^^Mn 
in FMI and FMM clusters as well as for the ^^^La where, 
as shown below, the contribution from the FMI clusters 
dominates at low temperatures, while at higher temper- 
atures only the contribution from the FMM clusters re- 
mains. For Mn^+ and La, where the relaxation is non- 
exponential, the values of T2 determined from the tail 
ends of the spin-echo decay are presented. As seen from 
Fig. 3b this provides an appropriate characteristic of the 
evolution of the spin-echo decay with the temperature. 
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FIG. 10. (a) Temperature dependence of the spin-spin re- 
laxation time T2 for ^^Mn nuclei in the FMM and FMI clus- 
ters. For comparison the data for two metallic-like manganites 
Lao.gMno.iMnOs (rc=266 K) and Pro.65Cao.2iSro.i4Mn03 
{Tc= 205 K) are also displayed, (b) Temperature depen- 
dence of the relative volumes of the FMM and FMI clusters. 
For Lao.94Mno.98O3 the volumes of the FMM clusters are de- 
noted by □, the volume of the FMI clusters determined from 
the Mn^^ and Mn^^ line are denoted by • and V, respectively. 
For Lao.84Sro.i6Mn03 only the FMM volume is displayed {+). 

The form of temperature dependence of T2 in the FMM 
clusters is similar to the one found in the metallic-like 
manganites jlj], though the the relaxation is consider- 
ably faster. The ^^Mn relaxation in the FMI clusters 
increases rapidly with the temperature, its behavior be- 
low 60 K being remarkably similar to that of ^'^^La. This 
fact strongly suggests that in the FMI clusters the ori- 
gin of the relaxation is the same for both nuclei. In the 
metallic-like manganites the ^^Mn relaxation is due to 
the fluctation of the hyperfine field induced by the hop- 
ping of the electron holes. This mechanism is, however, 
ineffective for the La nuclei and, as a consequence, the 
temperature dependence of T2 for La is flat and quite dif- 
ferent from that of the Mn nuclei in this case ||l^. The 
interconnection of the ^^Mn and ^'^^La relaxation in the 
FMI regions may be then understood as follows - the 
hopping of the holes is much slower comparing to the 
metallic manganites and the charge carriers may be rep- 
resented as the JT small polarons, their movement being 



accompanied by a lattice excitation leading to a fluctua- 
tion of the electric fleld gradient (EFG) on the La sites. 
Thus both the fluctuation of the EFG on the La sites 
and the fluctuation of the EFG and the hyperfine field 
on the Mn sites have the same characteristic time tjt 
connected with the movement of the JT polaron which 
leads to similar temperature dependence of correspond- 
ing relaxations. Note that for the ^'^^La relaxation this 
mechanism was recently proposed by AUodi et al. [Q. 
These authors showed that at temperatures below 60 K 
the ^•^^La NMR in FMI manganites corresponds to the 
'slow fluctuation' limit i.e. tjt "tnBhf > 1. Therefore, 
the two lines we observe in the ^^Mn NMR spectra of 
the FMI clusters correspond to 3-1- and 4-t- valence states 
of the Mn ion, which is the same conclusion as reached 
in jl^. Note that this situation corresponds to a slow 
hopping, rather then to a localization of the charge car- 
riers as for the localized Mn'^^ ions the NMR spectrum 
is strongly anisotropic and the nuclear spin-lattice relax- 
ation time Ti is very short. In this situation the spin-spin 
relaxation is governed by the spin-lattice channel with a 
limiting relation T2=2Ti. In contrast, down to 22 K the 
spin-lattice relaxation for both Mn''+ and Mn^^^ lines was 
checked to be relatively slow with a ratio T1/T2 ^30-60 
in all compounds in question. Rather surprising prox- 
imity of fres Mn'^+ in the FMI clusters and fres of the 
motionally narrowed line in the FMM clusters could be 
connected with different local distortions in these two 
types of clusters. 
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FIG. 11. Lai-aMnOs. ^^^La NMR spectrum at 4.2 K and 
its decomposition. In the inset the spin-echo decay at two 
frequencies around the maxima of the two components of the 
spectrum are shown. 

The temperature dependence of the normalized ampli- 
tudes of the ^^Mn signal from FMI (summing the Mn"^"*" 
and Mn''+ contributions) and FMM clusters are com- 
pared with the normalized amplitude of the ^'^^La signal 
which was corrected for observed T2 in Fig. 9b. It is 
clearly seen that above 60 K the La signal comes from 
the FMM clusters, while at lower temperatures its in- 
crease is connected with the contribution from the FMI 
regions. Note that the recovery of the signal from the 
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FMI regions has a similar character for both Mn and La 
nuclei. 

The results of the analysis of ^^Mn NMR spectra in 
Lao.94Mno.98O3 and Lao.84Sro.i6Mn03 are displayed in 
Fig. 10. The NMR relaxation in the FMI clusters is anal- 
ogous to that described above, while its behavior in the 
FMM clusters is more complex and intriguing. Above the 
metal-insulator transition the temperature dependence of 
the relaxation is exponential-like as in metallic mangan- 
ites though for Lao.94Mno.98O3 the magnitude of T2 is 
considerably smaller, below Tmi it becomes more flat for 
both compounds exhibiting a minimum at ^50 K (Fig. 
10a). This can be naturally connected to the slow fluctu- 
ations which in the same temperature region lead to the 
disappearance of the NMR signal in the FMI clusters. 
Such attribution of the minima in T2 implies that there 
is a hyperflne coupling between the JT small polarons ex- 
isting in the FMI clusters and ^^Mn nuclear spins in the 
FMM clusters, i.e. the FMI and FMM systems are closely 
intertwined. It is interesting to note in this context that 
for Lao.94Mno.98O3 the decrease of the volume of FMM 
clusters (Fig. 10b) is accompanied by a reduction of the 
NMR enhancement factor approx. 1.7 times between 120 
and 77 K, and at lower temperatures it becomes close to 
the NMR enhancement for FMI clusters. On the other 
hand, for Lai_aMn03 and Lao.6Pbo.4Mno.9Tio.1O3 sam- 
ples no visible minima in T2 for FMM signal is observed 
(Fig. 9a). This may imply that for these systems the 
minority FMM regions and the FMI matrix are less inti- 
mately intertwinned. 

As mentioned above, a satellite of the Mn''+ line in the 
^^Mn spectrum at ^^300 MHz is observed in Lai_5Mn03 
(Fig. 2). The splitting ~25 MHz is too large to be ex- 
plained by the change of the dipolar or/and supertrans- 
ferred flelds it could be, however, caused by a redistribu- 
tion of the spin density around speciflc Mn sites. Such 
redistribution, decreasing local spin density on the Mn 
site would lead to an increase of the transferred hyperflne 
interaction on the nearest La sites due to the enhanced 
Mn-0 covalency. Indeed an unresolved satellite line on 
the high frequency side of the ^'^^La spectrum is detected 
in this compound as seen in Fig. 11. Interestingly a 
similar high frequency tail of the La NMR was observed 
in the (LaCa) manganites |p|,pT|, while a satellite in the 
^^Mn spectra could be found in the results reported for 
these compounds and for a self-doped LaMnOs pO[ |. 

Let us present now a general picture of FMI state in 
manganites which can be inferred from the above de- 
scribed results. Perturbations in these systems hinder the 
motion of the charge carriers, reducing thus the strength 
of the DE interaction. Slower hopping of the electron 
holes increases the role of their interaction with the lat- 
tice and, as a result, the clusters where charge carriers 
can be viewed as JT small polarons grow at the expense 
of the metallic-like host. The resulting state may be fer- 
romagnetic insulating if the polaronic regions dominate 
(Lai-iMnOs, Lao.6Pbo.4Mno.9Tio.1O3), or the transition 
to metallic like conductivity with relatively high resistiv- 



ity may occur through the percolation of the FMM clus- 
ters as their total volume increases with increasing tem- 
perature (Lao.94Mno.98O3). A specific case represents the 
system Lao.84Sro.i6Mn03, where the insulator to metal 
transition in the FM state is due to the breakdown of 
charge and/or orbital ordering in the FMM regions. Ac- 
cordingly, the resitivity in ferromagnetic metallic state 
is closer to the one in conventional manganites in this 
case. The minority polaronic regions are also detected for 
Lao.84Sro.i6Mn03 and we expect that their role will in- 
crease for the lower doping. This may explain the differ- 
ent behavior of FMI state in Lai_a;Sra;Mn03 for slightly 
different x, in particular for 0.1<x<0.14 the FMI state is 
stabilized under pressure and field [|,|), while for a;=0.15, 
0.16 the FMI state is suppressed by pressure |^,^. Fur- 
ther NMR experiments are required to clarify the prob- 
lem. 

The effect of the inhomogeneity on the motion of the 
charge carriers, that is the distribution of the activation 
energies of JT polaron hopping seems to be similar for 
all cases, leading to disappearance of the signals on Mn 
nuclei at T ~60 K. An analogous behavior was found 
in Lao.825Cao.i75Mn03 ||l^. Also Mn*+ resonance in 
Lao.9Cao.iMn03 was detected up to 77 K only Fur- 
ther, the disappearance or reduction of the amplitude 
of signal on the La nuclei was reported for a number of 
self-doped and (LaCa) manganites at the temperature 
range 50-100 K in Refs. and it is the same behavior 
as detected for Lai_5Mn03 and Lao.6Pbo.4Mno.9Tio.1O3 
samples in the present study. All these facts suggest that 
the polaronic state is an intrinsic response of the DE sys- 
tem to the perturbation rather then being specific for a 
given type of disorder. Thus at least for the FMI sys- 
tem with Tc ^150-200 K the ferromagnetic state is still 
controlled by DE through thermally activated hopping of 
small JT polarons. On the other hand even for strongly 
disordered Lai_5Mn03 a small fraction of the fast hop- 
ping holes survives in the polaronic host. This rises the 
question whether the JT polarons can alone produce the 
long range ferromagnetic ordering, or a small fraction of 
the fast hopping holes is an essential component of the 
FMI state. 

The NMR signals arising from the FMI clusters cor- 
respond to the slow fluctuation limit which means the 
freezing of the polarons on a time scale comparable to 
the duration of a NMR spin-echo experiment. Different 
mechanisms including quasistatical orbital |^ and charge 
ordering have been suggested in the literature in or- 
der to explain the corresponding ground magnetic state. 
The quasistatical orbital hypothesis is based on observa- 
tion of a high frequency tail in -'^^^La NMR spectra of 
(LaCa) manganites at low temperatures. We also found 
such a feature in the Lai_5Mn03 but it is absent in the 
Lao.6Pbo.4Mno.9Tio.1O3 spectra. Also the correspond- 
ing satellite line in ^^Mn spectra is detected only for 
Lai_5Mn03. We conclude therefore that this can hardly 
serve as a characteristic feature of the FMI state. More- 
over even a short range orbital ordering seems to be un- 
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likely in the case of the strongly disordered Lai-^MnOa. 
An alternative possibility may be a cluster-glass state. 
Such a state has been detected by specific heat and mag- 
netic measurements in self-doped manganites LaMnOs+a 
1^. In particular, authors of Ref. observed low tem- 
perature peak of the imaginary component of susceptibil- 
ity, the position of which strongly depends on the mea- 
suring frequency. Shown in Fig. 12 is the ac suscepti- 
bility of Lai_5Mn03 sample. The frequency dependence 
of the real and imaginary part of the susceptibility as 
well as their absolute values are indicative of the cluster 
glass behaviour similarly as reported by Ghivelder et al. 
The situation may be similar to that observed in the lan- 
thanum cuprates, where slowing down of the spin and/or 
charge fluctuations results in a strong peak in the spin- 
lattice relaxation for the La nuclei and in a loss of signal 
on the Cu nuclei and it is ascribed to the glassy magnetic 
state [p3|-p5|. It is interesting that for both Cu and La 
signals stretched exponential like spin-echo decay is ob- 
served in the slow fluctuation limit similarly to the one for 
FMI signals in manganites, while in the motionally nar- 
rowed limit, below a transition temperature T^harge-: cor- 
responding to the localization of charge-ordered stripes, a 
Lorentzian single-exponential spin-echo decay is detected 




fhop > A/res) and insulating (FMI, fhop < ^fres) re- 
gions coexist, though the ratio of their volumes differs 
considerably in different compounds. The dynamics of 
the nuclear spins in the FMI clusters is almost indepen- 
dent of the compound, pointing to similarity of the charge 
carrier dynamics, despite the different origin of the FMI 
state in the manganites studied. The temperature depen- 
dence of ^■^^La and ^^Mn relaxation in the FMI clusters 
is analogous which can be understood as due to the EFG 
fluctuation on the La nuclei and combined EFG and hy- 
perfine field fluctuation on Mn nuclei connected with the 
motion of the Jahn- Teller polaron. In two compounds 
with the metal-insulator transition the temperature de- 
pendence of the relaxation rate in FMM and FMI clus- 
ters indicates that these two types of regions should be 
intertwinned on a microscopic scale. In the self-doped 
Lao.g4Mno.g8O3 the insulator to metal transition occurs 
because of the percolation of the FMM clusters, as their 
total volume increases with increasing temperature, while 
in Lao.84Sro.i6Mn03 the reason is the breakdown of the 
charge and/or orbital ordering. Finally we suggest that 
the FMI state in manganites may be viewed as a cluster- 
glass, which is supported by the character of the temper- 
ature and frequency dependence of the ac susceptibility. 
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FIG. 12. Temperature dependence of the ac susceptibility 
for 1, 10 and 100 Hz for Lai-^MnOa. 



IV. CONCLUSIONS 

The study of ^^Mn NMR in four manganites, in which 
the ferromagnetic insulating state is caused by diverse 
reasons, showed that in all cases the metallic-like (FMM, 
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